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Fundus photography plays a key role in retinal study and disease diagnosis. However, the diffraction limit poses a fundamental barrier to the spatial resolution of conventional ophthalmic instruments. Particularly, the maximum of available numeric aperture (NA) of the human eye is ∼0. 25 , which limits the spatial resolution of in vivo retinal imaging. Adaptive optics has been used to compensate for optical aberrations to improve resolution of retinal imaging, 1 but the achievable resolution is still diffraction limited. Further improvement of imaging resolution is desirable for sensitive detection of subtle distortions of retinal morphology at an early stage of eye diseases. Several approaches, including stimulated emission depletion microscopy, 2 photoactivated localization microscopy 3, 4 and stochastic optical reconstruction microscopy, 5 have been demonstrated for highresolution microscopy of biological cells and tissues. However, the high power requirement of laser illumination for super-resolution imaging limits their application for retinal study of living animals or humans. Moreover, all of these methods require fluorescence labeling, which makes their application for imaging intrinsic optical signals (IOSs) unachievable. Structured illumination microscopy (SIM) performs a patterned illumination on the object to shift the high frequency information to lower frequencies within the passing bandwidth of the imaging system, and thus expands the effective bandwidth of the optical system by subsequent frequency shifting and recombination. SIM is applicable to both fluorescence [6] [7] [8] and nonfluorescence imaging. 9,10 However, for the purpose of super-resolution reconstruction, traditional SIM requires sophisticated mechanical manipulation of a grating 9,10 or grid 11, 12 to generate structured illumination patterns with accurate phase control, which is particularly challenging for moving samples, such as the retina with inevitable eye movements. In theory, SIM also can be achieved in a point scanning system through spatiotemporal modulation, either by modulating the light source intensity in an illumination light path or by moving a physical mask in a detection light path. 13 However, the physically spatiotemporal modulation of the illumination/detection light is difficult for ophthalmic applications due to the limited imaging speed.
We recently demonstrated super-resolution scanning laser microscopy 14 using virtually structured detection (VSD), which requires neither physical modulation of the light source intensity in the illumination arm nor a physical mask in the light detection arm. Without the complexity of SIM for precise phase and pattern controls, the VSD-based approach provides an easy, low-cost, and phase-artifact-free strategy to achieve super-resolution scanning laser microscopy and optical coherence tomography. 15 However, deployable application of the VSD for in vivo retinal imaging is challenged by limited frame-speed of single-point scanning prototype. 14 Line-scanning strategy has been demonstrated for high-speed in vivo retinal imaging. 16 Recently, we demonstrated the potential of combining the line-scanning strategy for VSD-based super-resolution imaging. 17, 18 In this letter, we report experimental validation of VSD combined with the line-scanning strategy as a feasible method to achieve in vivo super-resolution imaging of frog retina with subcellular resolution. Technical details of the VSD method and VSD-based line-scanning superresolution imaging have been reported previously. 17, 19 Figure 1 shows a schematic diagram of the experimental setup. A near-infrared superluminescent diode (SLD-35-HP, SUPERLUM), which has a center wavelength of 830 nm and a bandwidth of 60 nm, was used as the light source. A focused line illumination was produced by a cylindrical lens with a focal length of 50 mm. The focused line was scanned across the retina by a scanning galvanometer mirror (GVS001, THORLABS). The pivot point of the scanner was placed conjugate with the pupil plane of the frog eye to minimize the vignetting effect. The reflected light from the retina was descanned by the scanning mirror and relayed to the image plane of the retina with a magnification of ∼43.55. For theoretical estimation of system magnification, the focal length of the frog eye is assumed as ∼2.87 mm. 20 A high-speed two-dimensional (2-D) CMOS camera with a pixel size of 20 μm × 20 μm (Photron FastCam AX50) was used to acquire the images of the line profiles on the retina. The 20 μm × 20 μm pixel size corresponds to a pixel sampling resolution of 0.46 μm × 0.46 μm at the retina. To achieve the maximum imaging speed, only one-dimensional line scanning (along the y axis) was adopted, and nonisotropic resolution improvement would be expected. A region of interest of the camera, 32 pixels along the y direction and 512 pixels along the x direction, was chosen in the experiment. 512 line profiles were acquired to reconstruct one VSD-based super-resolution image. In our experiment, the imaging speed of the camera was set at 76;500 frames∕s (fps), corresponding to a 127-fps speed for VSD-based super-resolution imaging. The light enters the frog pupil with a beam diameter of ∼2 mm and a power of ∼2.5 mW.
Northern leopard frogs (Rana pipiens) were used for this study. The experimental procedure was approved by the Office of Animal Care and Institutional Biosafety Committee of the University of Illinois at Chicago. The frog was anesthetized by immersing it into tricaine methanesulfonate (MS-222) solution (800 mg∕l). After confirmation of the anesthesia, the frog was placed in an animal holder, which can provide five degrees of freedom to allow easy adjustment of the animal orientation and retinal area, to perform in vivo imaging. The pupils were fully dilated with atropine (1%) and phenylephrine (2.5%) solution. Figure 2 shows representative in vivo images of the frog retinal photoreceptor layer. Figure 2 (a) shows an equivalent wide-field image by superimposing raw images acquired with line-scanning illumination. The field of view is ∼207 μm × 207 μm. Because the photoreceptors can be barely resolved, the average size of the visible photoreceptor that is ∼6 μm can be estimated as the actual resolution of the imaging system. Figure 2 (b) shows the corresponding VSD-based super-resolution image. Spatial resolution along the y direction shows significant enhancement compared to the wide-field image as shown in Fig. 2(a) . That is, the photoreceptors become readily resolved along the y direction, while along the x direction, they are still not well resolved, as evidenced by reflective intensity profiles shown in Figs. 2(c) and 2(d). Figure 2 (c) shows the reflective intensity profiles along the horizontal (x direction) yellow dashed lines in Figs. 2(a) and 2(b), where we can see that the five individual photoreceptors could be barely resolved for both wide-field and VSD-based super-resolution images. The reflective intensity profile along the vertical (y direction) yellow dashed line in the VSD-based image shows significant improvement in terms of resolution compared to the counterpart in the wide-field image, as shown in Fig. 2(d) . To confirm this perspective, we quantitatively compared spatial frequency spectra of the equivalent wide-field and VSD-based super-resolution images, which are shown in Figs. 2(e) and 2(f). It appears that the spatial frequency spectrum of the VSD-based image undergoes significant enhancement along both directions compared to the spatial frequency spectrum of the wide-field image. To clarify this point, we plotted the spatial frequency profiles of the spatial spectra along f x and f y (spatial frequency coordinates) directions in Figs. 2(g) and 2(h). Figure 2(g) shows the spatial frequency components along f x direction of the VSD-based super-resolution image, which show slight improvement compared to those of the wide-field image. The spatial frequency components along f y direction of the VSD-based image, however, show significant improvement compared to those of the wide-field image, especially the spatial frequency components higher than 0.17 cycles∕μm, which corresponds to the actual resolution, as evidenced in Fig. 2(h) . The anisotropy of the spatial frequency enhancement confirms anisotropy of the spatial resolution improvement, which can be attributed to the unidirectional VSD implementation. The benefit of the resolution enhancement can be shown in Fig. 3 , which shows the zoomed view of the region marked by the green window in Fig. 2(b) . Bright subcellular structures (red arrowheads) can be unambiguously observed. The bright subcellular structures were previously observed in two-photon excited autofluorescence images, which were speculated to be correlated with the structure of photoreceptor connecting cilium. 21 Compared to the equivalent wide-field image, the VSD superresolution image also showed improved signal-to-noise ratio (SNR) and image contrast. In order to calculate the image contrast of the wide-field images, and VSD-based super-resolution images, respectively, the images are divided into M overlapping segments and the maximum intensity I max and minimum intensity I min are found within the segmented region. The average contrast is calculated using E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 8 
The average contrasts of the equivalent wide-field image in Fig. 2(a) , and the VSD-based super-resolution image in Fig. 2(b) are calculated as 0.54 and 0.92, respectively. Compared with the wide-field image, the VSD-based super-resolution image could obtain the clearer mosaic structure with higher image contrast. The SNRs of the equivalent wide-field and VSD-based superresolution images can be estimated by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 3 6 6 SNR ¼ 20 log S N ;
(
where S is computed by averaging the peak intensities of the bright subcellular structures as highlighted in Fig. 3, and N is estimated by the standard deviation of the dark regions in the white boxes in Figs. 2(a) and 2(b) . The SNR calculated from the wide-field image is ∼33 dB, while the SNR of the VSD-based image is ∼42 dB, which verifies that the SNR is also improved by the VSD method compared to the wide-field imaging.
To further confirm the improvement of spatial resolution and depth-resolved sectioning capability provided by the VSD method, frog retinal nerve fibers were also imaged. Figure 4 shows representative in vivo images of the frog retinal nerve fiber layer. Figures 4(a) and 4(b) show the wide-field and VSDbased images, respectively. It is clear that the VSD-based image shows significant improvement of spatial resolution compared to the wide-field image. Again the spatial frequency spectra of the wide-field and VSD-based images, as shown in Figs. 4(c) and 4(d), were quantified to confirm this observation. Similar to the case of the photoreceptor imaging, spatial frequency spectra of the VSD-based super-resolution image appear enhanced along both f x and f y directions compared to those of the equivalent wide-field image. By close examination of their spatial frequency profiles as shown in Figs. 4(e) and 4(f), it shows that improvement of the frequency components especially those higher than 0.17 cycles∕μm is indeed achieved mainly along Fig. 3 Zoomed view of the region bounded by the green square in Fig. 2(b) . Red arrows point to subcellular structures. Scale bar: 20 μm. f y direction, which is consistent with our observation in the photoreceptor imaging. This anisotropy reasonably arises from the unidirectional VSD implementation. In summary, in vivo VSD-based super-resolution imaging of frog retina has been demonstrated using a high-speed line-scanning imager. In comparison with equivalent wide-field images, the VSD-based super-resolution images show improved spatial resolution, SNR, and image contrast. With improved resolution, subcellular structures, i.e., bright subcellular spots in retinal photoreceptors could be unambiguously identified (Fig. 3) . According to comparisons of the extents of spatial frequency contents before and after VSD implementation, as evidenced in Figs. 2(g) and 2(h), and in Figs. 4(e) and 4(f), the resolution achieved by VSD-based line-scanning imaging is improved by a factor of ∼1.6× compared to that of the wide-field counterpart. Further improvement in the extent of spatial frequency contents or spatial resolution begins to introduce imaging artifacts due to image noise. We are currently pursuing denoising methods to achieve further resolution improvement. For the proof of concept, the line-scanning strategy was employed to achieve image speed up to 127 fps, with a fame size of 512 × 512 pixels. In principle, the image speed can be further improved by decreased frame size. Because of the line illumination, the resolution improvement of the current prototype instrument is anisotropic. Isotropic resolution improvement can be achieved by using multiple-orientation scanning, 17 with compromised image speed. Further development of the VSD-based imaging system can provide an easy, low-cost, and phase-artifact-free strategy to achieve super-resolution of the human retina, promising sensitive detection of morphological distortions to foster better study and diagnosis of eye diseases. Improved imaging resolution can also benefit functional assessment of retinal physiology. Recent studies have indicated that high resolution is essential to provide high sensitivity in functional IOS imaging of stimulus-evoked retinal physiological changes. [22] [23] [24] Moreover, the development of super-resolution ophthalmic instruments will allow in vivo study of transient retinal phototropism, [25] [26] [27] which can not only provide a better understanding of the nature of the visual system but may also produce new biomarkers for early detection of eye diseases.
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